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he antioxidant capacity of plant extracts in biologicalTea and herbal infusions are important sources of phenolic
compounds in the human diet (Atoui, Mansouri, Boskou, & Kefalas,
2005), since they are the most largely consumed beverages in the
world (second only to plain water). However, both tea and herbal
infusions provide rather variable contents of phenolic compounds,
due to a dependence on the intrinsic cultivar, on the growing and
harvesting conditions, and on the processing used by consumers
(Gião, Pereira, Pintado, & Malcata, submitted for publication;
Vinson, Yousef, & Dabbagh, 1998). Recall that phenolic compounds
are in general strong natural antioxidants.
Antioxidants are compounds which, when present at low con-
centrations (as compared to those of oxidisable substrates), signif-
icantly delay, or even inhibit oxidation of said substrates (Wood,minetetracetic acid; GSHPx,
RBCs, red blood cell; SOD,
: +351 22 5090351.
a).Gibson, & Garg, 2006). In biological systems, antioxidants are as-
sumed to protect cells against oxidative stress – which might
otherwise lead to cell damage (Buhler & Miranda, 2004; Fennema,
1996; Rivero-Perez et al., 2005; Valls-Bellés, Muñiz, González,
González-Sanjosé, & Beltrán, 2002). Coronary heart diseases,
ulcers, cancers and neurodegenerative diseases (e.g. Parkinson’s
and Alzheimer’s), besides overall ageing, are but a few examples
of human diseases and health conditions that can effectively be
prevented (or, at least, delayed) via regular and balanced inclusion
of antioxidants in one’s diet (Bamforth, 2002).
The antioxidant capacity of tea and herbal infusions has been
assessed by a number of chemical evaluation protocols; however,
biological assays are needed to better clarify those properties, as
far as they impact upon human health (Gião et al., 2007; Shen, Ji,
& Zhang, 2007). Two of such assays take advantage of erythrocytes
and bacteriophages.
Human erythrocytes (or red blood cells, RBCs) can be used as a
metabolically simpliﬁed model system – since they lack nucleus,
mitochondria and other typical cellular organelles (Hallywell &
Gutteridge, 2007). Furthermore, RBCs are typically exposed to oxi-
dative hazards owing to their speciﬁc role as oxygen carriers in the
blood. On the other hand, hydrogen peroxide (H2O2) is a normal
cell metabolite, which is released via several enzymatic and non-
enzymatic reactions; it can easily cross the cellular membranes
of organelles in the cytoplasm, and thus oxidize a number of com-
pounds and structures inside the cell. Because of its oxidizing role
upon RBCs, H2O2 is frequently used in vitro to initiate radical for-
mation in intact cells. Its main target in RBCs is haemoglobin
(the major protein present therein), which is consequently con-
verted to either of the oxidized forms met- and ferry-haemoglobin.
In addition, exposure of RBCs to H2O2 also results in alterations of
the side chains of proteins, as well as peroxidation of lipids. As a
consequence of all such oxidative modiﬁcations, drastic changes
in RBC shape and membrane structure may occur, which will even-
tually produce haemolysis. Removal of damaging oxygen species
(as is H2O2) in biological systems is normally catalysed by such
antioxidant enzymes as superoxide dismutase (SOD), glutathione
peroxidase (GSHPx) and catalase (CAT).
Bacteriophages (or, simply, phages) are bacterial viruses that
speciﬁcally target bacteria, and hence do not infect mammalian
cells. This speciﬁcity is highly reﬁned, so each given phage will
only attack a single species, or even a single strain of a bacterium
(Hanlon, 2007). Phage P22 is one such example: it is a temperate
phage, which can remain in a dormant state for an unlimited num-
ber of host cell generations; however, under certain conditions (e.g.
irradiation with ultraviolet light, exposure to such oxidants as
H2O2, or other interferences with host DNA replication), the pro-
phage will become active, and thus will enter the lytic cycle (Suss-
kind & Botstein, 1978). Phages have so far been studied for
therapeutic uses (Platt, Reynolds, & Phillips, 2003), as well as the
basis of rapid methods for detection and identiﬁcation of speciﬁc
bacteria – being accordingly able to detect the presence of very
low levels of pathogens in a sample within just a few hours. More
recently, they were also used to explore the virucidal capacity of
plant extracts; e.g. Siqueira, Dodd, and Rees (2006) have shown
that loose-leaf tea infusions can inactivate bacteriophages. Based
on the phage features described above and their simple structure,
a new method was previously developed and validated by our
group to evaluate antioxidant capacity, using phage P22 and
Salmonella Typhimurium as model system (Gião et al., 2009). In
the present work, this method was tested with success (and for
the ﬁrst time) using such complex samples as plant aqueous
extracts.
The aim of this research effort was thus to evaluate the antiox-
idant capacity of several plant extracts, using two alternative bio-
logical assay systems: bacteriophages and RBCs.Agrimony (Agrimonia eupatoria), avocado (Persea americana),
eucalyptus (Eucalyptus globulus), sweet-amber (Hypericum andro-
saemum), walnut-tree (Juglans regia), myrtle (Myrtus communis),
heath (Calluna vulgaris), sage (Salvia sp.), savory (Satureja montana),
raspberry (Rubus idaeus), thyme (Thymus vulgaris) and yarrow
(Achillea millefolium) were provided, in dried leaf form, by ERVITAL
(Castro Daire, Portugal); they had all been produced by organic
farming. These plants were selected in advance, based on their
promising antioxidant performance (Gião et al., 2007, 2008). A
large enough amount of plant material was very ﬁnely milled, so
as to obtain the corresponding powder. The infusion was prepared
via addition of 110 mL of boiling distilled water to 1 g of powder;
after 5 min, ﬁltration was applied through 0.45-lm ﬁlters.
For later application of the phage method, 40 mL of those plain
extracts of all 12 plants was prepared at ca. 0.0025% (w/v), or at ca.0.02% (w/v) (for all but avocado). To obtain more concentrated
extracts, that 40 mL-volume was frozen and lyophilized, reconsti-
tuted just prior to the experiments with 5 mL of distilled water,
and ﬁltered through 0.22-lm sterile ﬁlters (Orange Scientiﬁc) be-
fore assaying.
For later application of the haemolysis method, said lyophilized
extracts of the 12 plants were reconstituted, just prior to the exper-
iments, with distilled water in order to obtain once again ca.
0.0025% (w/v), and ﬁltered through 0.22-lm sterile ﬁlters.
This preparation was described elsewhere (Manna, Galletti,
Cucciolla, Montedoro, & Zappia, 1999). Blood was obtained by
veinpuncture from healthy fully informed and consenting volun-
teers, and collected into tubes containing ethylenediaminetetrace-
tic acid (EDTA) as anticoagulant. Samples were centrifuged at
1500 rpm, for 10 min at 4 C. Plasma and buffy coat were then
carefully removed and discarded. RBCs were washed three times
with saline phosphate buffer (PBS; 125 mM NaCl and 10 mM so-
dium phosphate, pH 7.4), and ﬁnally resuspended in PBS – so as
to produce an RBC suspension at 2% (v/v) hematocrit.
A 7.5 mM H2O2 solution was prepared from an 11.03 M stock
solution (Merck, Germany). To evaluate the capacity of the plant
infusions to protect RBCs from H2O2-induced haemolysis, those
RBCs were pre-treated, for 15 min at 37 C, with a given concentra-
tion of each herbal extract, viz. 0.1, 0.05, 0.025, 0.005 and
0.0005% (w/v). Afterwards, the H2O2 solution was added to a ﬁnal
concentration of 7.5 mM.
The rate of haemolysis was determined spectrophotometrically,
as described by Ko, Hsiao, and Kuo (1997). In all experiments, a
negative control (i.e. RBCs in saline solution) was used, and all
sample tests were run in duplicate. An aliquot of the RBC suspen-
sion was taken every hour for a period of 4 h, diluted with 20 vol-
umes of saline solution, and centrifuged at 4000 rpm for 8 min; the
absorption (A) of the supernatant was then read at 540 nm. To
yield the absorption after complete haemolysis, an identical ali-
quot of the RBC suspension was treated with 20 volumes of ice cold
distilled water, and centrifuged at 4000 rpm for 8 min; the absorp-
tion (B) of the supernatant was measured at 540 nm. The percent
haemolysis was then calculated as (A/B)  100.
The analytical method followed was described in detail by Gião
et al. (2009) – including tests with single, pure oxidants and antiox-
idants for preliminary validation. The stocks of phage P22 and Sal-
monella Typhimurium (Ref. 19585 P1) were prepared according to
ATCC (American Type Culture Collection) indications. In brief, the
rationale of the analytical method is the virucidal attack on the Sal-
monella Typhimurium cells; when a challenging oxidant (H2O2 in
our case) is initially applied, the infection capacity of the bacterio-
phage decreases; however, if a plant extract is added, protection
will likely occur, so the virus will recover its infection capacity.
In order to test the infection capacity of the virus upon the host
bacterium, dilutions of the former up to 1012 were performed (in
duplicate) in tryptone soy broth (TSB, from LAB M); 100 lL of each
dilution was then mixed with 300 lL of Salmonella Typhimurium
culture, harvested in the exponential phase – i.e. a 1 %(v/v) inocu-
lum of an overnight culture in TSB at 37 C, into fresh TSB further
incubated at 37 C for 2.5 h. Infection was allowed to proceed for
10 min, in a water bath kept at 37 C; then, 100 lL was spread onto
pre-dried plates of tryptone soy agar (TSA, from Biokar Diagnostic),
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Effect of oxidant upon phage 9 1 – 1.5
Effect of sample upon phage in
presence of oxidant
9 1 1.5 –
Effect of sample upon phage – 1 1.5 9
Fig. 1. Extent of haemolysis inhibition, induced by H2O2, by 4 h of incubation, at
various concentrations, j – 0.1%, – 0.05%, – 0.025%, and h – 0.005%, of plant
extracts. Values are expressed as mean ± SEM of three independent experiments,
each with duplicates. a–hMeans for each plant extract, at a concentration of 0.005%,
without a common superscript, are signiﬁcantly different from each other
(P < 0.05).
Fig. 2. Rate of haemolysis, induced by j H2O2, throughout incubation time, at
various concentrations, – 0.1%, – 0.05%, – 0.025%, and h – 0.005%, of (A)
savory, (B) avocado and (C) heath. Values are expressed as mean ± SEM of three
independent experiments, each with duplicates.and incubated at 37 C for 24 h. Following incubation, the plaques
were counted and the total viable phage number was accordingly
calculated (and expressed in plaque-forming units per unit vol-
ume, PFU mL1). Obviously, the higher the number of PFU, the
stronger the infection capacity of the virus.
To assay for the antioxidant activity, three steps were per-
formed as described in Table 1. Each mixture was left to react for
20 min, at room temperature (in duplicate), and was then
quenched via addition of 50 lL of 500 U mL1 catalase solution
(Sigma). Aliquots of 100 lL were collected every 5 min for a period
of 20 min, and serial decimal dilutions were performed up to 106.
For the infection stage, 100 lL of each phage dilution at each
time was added to 300 lL of the solution of Salmonella Typhimuri-
um in the exponential phase (as described previously), and
incubated at 37 C for 10 min. Then, 100 lL was spread onto
pre-dried TSA plates (in duplicate), and incubated at 37 C for
24 h; the viable phage number was again expressed as PFU mL1.
The difference between the viable phage numbers in the presence
of sample and oxidant (SOP), and only in the presence of oxidant
(OP), are presented here as data. When these data are positive, then
samples exhibited an antioxidant effect, whereas negative values
indicate otherwise.
Non-parametric tests were applied to each set of experimental
data, because the homoschedasticity assumption was not met.
Wilcoxon test was applied to check the effect of time, considering
all plants together. Pair comparison using Mann–Whitney test was
applied to all samples. In terms of the haemolysis data, ANOVA was
applied to the results encompassing the extracts obtained at
0.0005% (w/v). All analyses were conducted using SPSS (v. 16.0,
Chicago IL, USA). A p-value lower than 0.05 was considered as sta-
tistically signiﬁcant.
Recall that the anucleated nature of the RBC cells – with intrin-
sically poor repair mechanisms, makes them a good model to test
the antioxidant capacity of given compounds, in the presence of an
oxidation stimulus (Coimbra et al., 2006). This provided the ratio-
nale of their selection for our study, which was speciﬁcally aimed
at evaluating the antioxidant capacity of aqueous extracts of a
number of plants that are commonly used in Portugal as infusions
– to check whether they can actually reduce the rate of haemolysis
of RBCs when exposed to H2O2.
In order to compare the antioxidant capacity of said aqueous
extracts with each other, the percent haemolysis inhibition was re-
corded by 4 h of incubation – which had been previously found to
provide sufﬁcient discrimination. The differences obtained be-
tween the 12 plant extracts are apparent in Fig. 1. Three typical
and distinctive behaviors can be observed therein: a ﬁrst group
encompasses the extracts of sage, savory, myrtle, yarrow, agri-mony and walnut-tree – all of which show a good ability to inhibit
haemolysis, at the concentrations tested; myrtle was likewise de-
scribed by Yadegarinia et al. (2006), whereas yarrow was found
to exhibit high activity on SOD (Gião et al., 2008). A second group
includes the extracts of plants which showed a level of antioxidant
capacity that is dependent on their concentration (thyme, avocado,
Fig. 3. Extent of haemolysis inhibition, induced by H2O2, by 4 h of incubation, at j
0.0005%, of the plant extract. Values are expressed as mean ± SEM of three
independent experiments, each with duplicates.
Fig. 4. Extent of antioxidant effect (calculated as the difference between the
observed infection of the bacterium by the phage in the presence of sample and
oxidant, and in the presence of oxidant only), throughout incubation time, of
concentrated extracts of: (positive effect A)h – raspberry, – sage andj – savory;
and (negative effect B) h – agrimony, – sweet-amber, – yarrow, –
eucalyptus, j – myrtle, – walnut-tree, – thyme, and – heath.raspberry, sweet-amber and eucalyptus). Finally, despite the reali-
sation that almost all extracts had the capacity to prevent haemol-
ysis, heath actually increased the extent of this phenomenom
when at its highest concentration (0.1%) – while protecting RBCs,
at lower concentrations; that pro-haemolytic effect is evident by
inspection of Fig. 1. These different behaviors are probably associ-
ated with their distinct antioxidant proﬁles; e.g. theaﬂavins have a
stronger activity against oxidation than catechin, owing to a larger
number of hydroxyl groups (Konyalioglu & Karamenderes, 2005).
The three aforementioned behaviors are underlined in Fig. 2 –
which, for simplicity, depicts results of only one representative ex-
tract for each behavior. Fig. 2A refers to the savory extract, which
presented a high antioxidant effect and permitted less than 10 %
haemolysis during a 4-h incubation with H2O2. Every concentra-
tion tested for this extract did not change the degree of protection
of RBCs; a similar situation was also observed for sage, agrimony,
yarrow and walnut-tree. In Fig. 2B, the effect brought about by avo-
cado is plotted; in this case, the antioxidant effect depended di-
rectly on the extract concentration – i.e. a higher concentration
of plant extract leads to a lower rate of haemolysis during exposure
to H2O2; this behavior was also conveyed by eucalyptus, raspberry,
thyme and sweet-amber. The extract of heath is represented in
Fig. 2C: there is a pro-haemolytic effect, and when at the two high-
est concentrations, the rate of haemolysis upon treatment with
that extract was similar to (or even greater than) the effect of
H2O2 alone.
In view of the statistically similar, and high protective effect
brought about by sage, savory, myrtle, yarrow, agrimony and wal-
nut-tree extracts, as well as the outstanding performance of heath,
these seven extracts were further studied – but only at a low con-
centration, 0.0005% (w/v). The corresponding results are summa-
rized in Fig. 3 – in which one observes that all those plant
extracts inhibited haemolysis to more than 70 %, with no statisti-
cally signiﬁcant differences between them; hence, all appear to
be promising candidates as sources of food antioxidants (except
in the case of heath, owing to its pro-haemolytic effect at higher
concentrations described above).The use of bacteriophages as an in vivo system to assess the
antioxidant capacity of herbal infusions is, as far as we know, a no-
vel approach – yet the results found already unfold a good suitabil-
ity as analytical method. The extracts of agrimony, raspberry,
sweet-amber, yarrow, sage, eucalyptus, savory, myrtle, walnut-
tree, thyme and heath were thus tested, in concentrated form, fol-
lowing the methodology previously described by Gião et al. (2008).
Note that the antioxidant effect was calculated as the difference
between the observed extent of infection of the bacterium by thevirus in the presence of both the plant extract and H2O2 (SOP),
and its counterpart in the presence of H2O2 only (OP).
The negative results in Fig. 4 indicate that the oxidant effect of
H2O2 was potentiated by the plant extracts in those cases – at least
at the concentrations considered. However, an important protec-
tive effect was conveyed by sage and savory in all cases, and by
raspberry after 10 min of contact – recall that, at time 0, the
numbers of plaque-forming units were the same (Fig. 4A); those
plant extracts also yielded protection against haemolysis, irrespec-
tive of their concentration (in the case of sage and savory) or
depending on such a concentration (in the case of raspberry), as
seen before.
In order to further elucidate the concentration effect, and thus
be able to compare our results with published ones (Gião et al.,
2007, 2008), tests were performed with plain extracts (thus simu-
lating a standard infusion, as would be prepared by a regular con-
sumer); the corresponding results are depicted in Fig. 5. The plant
extracts that exhibited an antioxidant capacity, and thus hampered
the effect of H2O2 upon the phage-mediated infection, are depicted
in Fig. 5A: raspberry, yarrow, sage, savory and walnut-tree. The ex-
tracts that, on the other hand, potentiated the oxidative effect of
H2O2 upon the virus, are depicted in Fig. 5B: agrimony, sweet-am-
ber, eucalyptus, myrtle, thyme, heath and avocado. When plain ex-
tracts were compared with concentrated ones, only four plants
exhibited a positive effect – i.e. protection of the phage (Fig. 6),
and hence absence of inhibition of its infection activity. The perfor-
mance of sage and savory was dependent on their concentration
(i.e. an increase of extract concentration led to an increase in pro-
tection extent), whereas yarrow showed an opposite trend, and
raspberry yielded no dependence at all. These ﬁndings pertaining
to the concentration-dependence are not in full agreement with
those obtained from the haemolysis studies – hence suggesting
that not only the composition and concentration of the active
Fig. 5. Extent of antioxidant effect (calculated as the difference between the
observed infection of the bacterium by the phage in the presence of sample and
oxidant, and in the presence of oxidant only), throughout incubation time, of plain
extracts of: (positive effect A) h – raspberry, – yarrow, – sage, – savory, and
j – walnut-tree; and (negative effect B) h – agrimony, – sweet-amber, –
eucalyptus, – myrtle, j – thyme, – heath, and – avocado.
Fig. 6. Extent of antioxidant effect (calculated as the difference between the
observed infection of the bacterium by the phage in the presence of sample and
oxidant, and in the presence of oxidant only), throughout incubation time, of plain
and concentrated extracts of: (positive effect) h – raspberry, – concentrated
raspberry, – sage, – concentrated sage, j – savory, – concentrated savory,
and – yarrow.
Table 2
Major results of the haemolysis- and bacteriophage-based assays, for the various
plant extracts tested.













+: Antioxidant effect; ±: no antioxidant neither pro-oxidant effect (in the absence of
H2O2); : pro-haemolytic/pro-oxidant effect (in the absence of H2O2).compounds in the plant extracts are important (Konyalioglu &
Karamenderes, 2005), but also that the target system upon which
they are left to act are important as well.
All plants were also tested in the absence of H2O2, to ascertain
the possibility of any injury whatsoever upon the bacteriophage:
only plain and concentrated myrtle, concentrated eucalyptus, plain
and concentrated heath, and plain avocado produced a measurable
damage of the virus; the other plants were essentially inert (data
not shown). These results can easily be explained by the variety
of compounds present in the extracts – which are indeed a com-
plex mixture of antioxidants and pro-oxidants.
The statistical analysis indicated that the time of exposure inﬂu-
enced the observed results: at 5 min, sage and heath did not per-
form differently from any of the other plants, and concentrated
heath showed no differences relative to more than half of theplants. Based on these results, the plants were then organized in
four distinct groups – so that the plants in each group had no sta-
tistical difference between each other. By 10 min, only heath had
no difference relative to any of the other plants – and three sub-
groups could be established; by 15 min, heath did not yet show
any difference relative to the other plants, but concentrated savory
held no signiﬁcant differences relative to more than half of the
plants – and, although different, four subgroups could be formed;
ﬁnally, by 20 min, heath maintained the same behavior – and again
three subgroups were formed.
According to our experimental results, the aqueous extracts of
heath, sage, savory, raspberry and yarrow presented a similar pat-
tern using the two methodologies at stake (Table 2); conversely,
avocado and eucalyptus led to contradictory results, as they led
to a concentration-dependent protective effect against haemolysis
but a pro-oxidant effect upon the phage; ﬁnally, sweet-amber,
thyme and walnut-tree behaved slightly differently, as they pro-
tected RBCs upon H2O2-driven haemolysis but exhibited no antiox-
idant protection of the phage (and no pro-oxidant effect either).
The most promising extracts, as concluded from use of the two
analytical methods, are sage, savory, raspberry and yarrow; savory
appears particularly interesting, because it was the most effective
in preventing RBC haemolysis (with an almost full inhibition there-
of) and exhibited the highest degree of protection of the bacterio-
phage from the oxidant challenge by H2O2.
Note that the target intended for the plant extracts, when used
as food additives, is relevant in assaying for their protection fea-
tures: an extract possessing a high antioxidant capacity, as deter-
mined by a chemical method, is not necessarily a good biological
antioxidant, and vice versa. Bearing this constraint in mind, our
data indicate that savory is the best antioxidant extract.
On the other hand, consumers of plant infusions usually prepare
them in an empirical fashion (since no speciﬁc information is usu-
ally provided in the labels of most of these products), so care
should be exercised because a given plant extract may present
either a pro-oxidant or an antioxidant activity, depending on its
concentration in the ﬁnal infusion.
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